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Abstract. Fusion between conspecifics (chimerism) is a

well-documented phenomenon in a variety of taxa. Chi-

merism and the subsequent mixing of genetically different

stem cell lines may lead to competition between cell lin-

eages for positions in the germ line and to somatic and

germ cell parasitism. It is suggested that somatic com-

patibility systems evolved to alleviate the costs and the

threat of such cell lineage competition. Allogeneic colonies

of the ascidian Botryllus schlosseri form vascular chimeras

based on matching in one or both alleles on one highly

polymorphic fusibility haplotype. Thereafter, one of the

partners is completely or partially resorbed. Here we used

a polymorphic molecular marker (PCR typing at a mi-

crosatellite locus) to follow somatic and gametic conse-

quences of chimera formation. Twenty-two chimeras and

subclone samples were established from 1 2 different ge-

notype combinations, in which blood cells, zooids, and

gonads were typed 45- 130 days thereafter. Somatic co-

existence of both partners was recorded in 73% of the

subcloned chimeras (83% of chimeric entities) up to 100

days after disconnection between genotypes and in all

chimeras where colony-resorption was completed. Both

genotypes were present in 23%- of the sampled gonads (in

33% of the chimeras), and in 22% of the cases, germ cells

of the second partner only were detected. Injection of al-

logeneic but compatible blood cells into three recipient

colonies revealed proliferation of the donor cells in one

case, 100 days after injection. To further evaluate somatic

and germ cell parasitism in chimeric organisms, we pro-

pose four key features that characterize cell lineage corn-
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petition processes. These include the somatic embryogen-

esis mode of development, the capability for independent

existence of stem cells, the disproportionate share of ga-

metic output within chimeras, and the existence of hier-

archial responses.

Introduction

Genetically non-homogeneous organisms may be es-

tablished through somatic mutations or via chimerism,

the fusion between genetically distinct conspecifics. While

most somatic mutation variants are evolutionarily irrel-

evant (Van Valen, 1988), chimeric entities have been

documented in nature from a variety of protists, plants,

and animals, belonging to at least nine phyla (Buss. 1982).

Several studies (Buss, 1982; Grosberg and Quinn, 1986;

Rinkevich and Weissman, 1987a, 1992a) have discussed

the evolutionary significance of these natural chimeras by

evaluating the fitness costs and benefits of chimerism as

compared to the state of genetically homogeneous entities.

While several sets of benefits were attributed to natural

chimerism (Buss, 1982; Grosberg and Quinn, 1986), par-

ticular attention has been paid to the potential costs re-

sulting from the mixing of genetically distinct cell lines

within chimeras. This is relevant especially in those cases

where germ line sequestration remains undetermined until

late in ontogeny, or is never accomplished during the life-

span of an organism (Buss, 1982, 1983; Grosberg and

Quinn. 1986; Rinkevich and Weissman, 1987a, 1992a).

Within the shared morphological and physiological en-

vironments of chimeric entities, one genotype could gain

a disproportionate share of germ cells at the expense of

the other partner (germ cell parasitism), or one genotype

may use the tissues and energy reservoirs of the other
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member in the chimera for general maintenance (somatic

cell parasitism). Examples on the morphological, cellular,

and biochemical levels of the displacement of one cell

lineage in the chimera at the expense of another were

documented in several groups of organisms (reviewed in

Rinkevich and Weissman, 1987a;Grosberg, 1988). How-
ever, there is still no direct documentation for such a pro-

cess in which molecular markers were used.

A typical colony of the urochordate Botryllus schlosseri,

a subtidal species that can be found worldwide, is com-

posed of a few to several hundreds of modular units called

zooids, which are arranged in star-shaped structures (sys-

tems) and are connected to each other via a ramified blood

system. In this group of organisms, a line of stem cells

retains the ability to differentiate into either germ cells or

somatic tissue throughout the lifespan of the colony (Ber-

rill and Liu. 1948), continuously replacing aging differ-

entiated cells. Consequently, all zooids within a single

colony are genetically identical, having been derived by

blastogenesis from a single founder zooid, by a complex
but highly synchronized weekly developmental cycle.

Zooids and blood vessels are embedded within the tunic,

a translucent organic matrix, which bears sausage-like

termini of blood vessels, called ampullae, in the colony's

periphery. When a colony is split in nature or experi-

mentally into two or more fragments, each subclone usu-

ally continues to grow independently to form a larger

colony.

Recent interest in botryllid ascidians has centered on

allogeneic recognition and its consequences. Pairs of col-

onies that meet naturally in the wild or are placed in con-

tact under laboratory conditions either fuse their con-

tacting peripheral ampullae to form a vascular parabiont

(cytomictical chimera; Rinkevich and Weissman. 1987a).

or develop cytotoxic lesions in the contact zone (reviewed

in Taneda el al.. 1985; Weissman el ai, 1990: Rinkevich,

1992). This allorecognition is genetically controlled by a

single, highly polymorphic, fusibility/histocompatibility

(Fu/HC; Weissman et al.. 1990) haplotype with multiple

codominantly expressed alleles. Fusion may be established

between genotypes which match in one or both Fu/HC
alleles. Rejecting colonies share no Fu/HC alleles (Scofield

et al., 1982). Controlled laboratory experiments on Bo-

tryllus chimeras revealed that the zooids from one ge-

notype in each specific chimera are all morphologically

eliminated within a few days to several months by massive

phagocytosis, leaving the zooids of the other partner intact

(Rinkevich and Weissman, 1987a. b. 1992a. b: Weissman

rf al.. 1990; Rinkevich ct al.. 1993). This phenomenon,
called "colony resorption" (Rinkevich and Weissman.

1987b), typically occurs at the end of a blastogenic cycle

and appears to be controlled genetically by a multilevel

hierarchial organization of histocompatibility alleles

(Rinkevich, 1993; Rinkevich el a!.. 1993). In addition to

this resorption phenomenon, a few studies have docu-

mented, within chimeras, germ cell transfer and estab-

lishment between different partners (Sabbadin and Zan-

iolo, 1979; Rinkevich and Weissman. 1987a). These pre-

liminary results further indicate that chimerism may
present substantial fitness costs over the long term through

cell lineage competition, parasitism, or a combination of

both processes (Buss, 1982; Grosberg and Quinn, 1986;

Rinkevich and Weissman, 1987a, 1992a; Sabbadin and

Astorri, 1988).

Materials and Methods

Animals

Botryllus schlosseri colonies were cultured in the lab-

oratory as previously described (Boyd et at.. 1986; Rink-

evich and Weissman. 1987b. 1992a; Rinkevich et al.,

1993). Experimental colonies were isolated from among
the progeny of our laboratory stock, which originated

about a year earlier from Monterey marina, CA, USA.

Newly metamorphosed colonies were raised individually,

each attached to glass slides (50 X 75 mm).

Colony allorecognition assays

The technique of colony allorecognition assay (CAA)
is the most commonassay used for revealing self-nonself

discrimination potential in botryllid ascidians (Rinkevich,

1992. 1995; Saitoh ai, 1994). In this assay, small or large

groups of zooids at the growing edges of the colonies are

isolated by dissecting them from each colony without in-

juring their surrounding ampullae. Subclones from two

colonies are put on glass slides in pairs and placed so that

they contact one another with their extending ampullae.

They are usually allowed to fasten themselves to the slides

by placing them in a moisture chamber for 30-45 min

before transferring to the tanks or to the sea. The CAA
was performed on all botryllid ascidians where specificity

was analyzed. Observations on the contact sites and col-

onies were made under the dissecting microscope at least

once a week to confirm the location of "each partner" in

the chimera in accordance with the developing buds dur-

ing successive blastogenic cycles. A complete mixture of

blood-borne pigment cells was recorded < 14 days after

fusion (Rinkevich and Weissman, 1987b).

Experimental procedures

Polymorphic molecular markers, such as microsatellite

loci, may be most suitable for individual identification of

genotypes within B. schlosseri chimeras. Microsatellites

are tandem repeats (usually >100 bp long) of very short

nucleotide motifs ( 1-6 bp long) that are dispersed abun-

dantly and randomly through eukaryotic genomes. Since

each of the microsatellites is flanked within the DNAma-
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terial by unique sequences, they can be amplified in vitro

using the pol> merase chain reaction (PCR: Queller el ai.

1983). We used the protocol developed for PCR typing

at B scklosseri microsatellite locus 811. which has been

found to be highly polymorphic in two Botryllus popu-

lations (Pancer, 1994; Pancer et ai, 1994). Twenty-three

laboratory-raised colonies were typed at microsatellite 8 1 1

and were assigned to their fusibility status by employing

colony allorecognition assays (Rinkevich, 1992, 1995;

Saito et ai, 1994) on different pair combinations.

Samples for typing were either a small tissue fragment

(T); or hemolymph (H); or a single zooid (Z), and the

gonad (G), if present in that zooid. Gonads are situated

on both sides of the zooids, composed of lobulated testes

and ovaries. In this study the sperm and the small oocytes

from each gonad were sampled as a whole in the PCR
reaction. Whenever the state of the chimeras allowed, si-

multaneous sampling of several zooids was performed.

Tissue samples were transferred into 1.5-ml test tubes.

rinsed with 0.5 ml filtered (0.2 ^M. Schleichter & Schuell)

seawater. and were then boiled for 5 min in 100 ^1 TE,

dispersed by pipetting through an aerosol-free tip (EL-

KAY, Labsystems) and centrifuged at 12000 X g for

5 min. The supernatant was discarded, the pellet resus-

pended in 10-20 ^1 of PCR-lysis buffer (20 mAl DTT,

10~
3%SDSand 0.5 mg/ml Proteinase K) and incubated

for 1 h at 55C with occasional vortexing. At the end the

sample was boiled again for 5 min. Amplifications were

performed on a PTC- 100 thermal cycler (MJ Research)

in 10 jul reaction mixtures containing 1 ^1 of the sample,

4 pmoles each of the forward and reverse primers, 200 pM
of each dNTP, 0.1 MCi [--

2

P]dCTP, 5% DMSO, 0.5 U

Taq DNA polymerase and buffer (Boehnnger. Mann-

heim). The cycling parameters were 3 min at 96C fol-

lowed by 30 cycles of 45 s at 95C, 75 s at 60C, and 1 5 s

at 74C. The reactions were stopped by the addition of

5 n\ Sequenase stop solution (USB), denatured for 5 min

at 95C, then 2 jul of each sample were electrophoresed

on a 6%denaturing polyacrylamide gel. Detection thresh-

old was determined experimentally in cell mixtures of

1000 cells total, containing different proportions of two

homozygous colonies. Cells of a genotype mixed 1:10-1:

20 with cells of a second genotype could be detected fol-

lowing three exposure days of the film (Pancer, 1994).

For microinjections. a siliconized micropipette

mounted on a micromanipulator was inserted into a

large blood vessel. Five to seven microliters of hemo-

lymph were drawn. The micropipette's contents were

then injected into the recipient colony's blood vessels.

Several cell counts revealed approximately 2.5-5 X 10
4

blood cells in that volume.

Results

Westudied 22 whole chimeras and chimeric subclones

that were established from 12 different genotype combi-

nations (Table I, Fig. la-c). Different parts of the colony's

body, including blood cells, individual zooids. pieces of

tissue, and gonads were sampled 45- 1 30 days after estab-

lishment of the chimeras or 15-100 days after disconnec-

tions between the partners in the chimera as a result of

subcloning, spontaneous disconnection, or after immu-

nological resorption (Table I).

In four genotype combinations (chimeras A, B, C, G,

Table I, Fig. la-c), we sampled 2-5 subclones from each

original chimera at different times following chimera for-

mation or disconnection (experimentally or sponta-

neously). In one of these chimeras (G) a hierarchial re-

sponse was documented. Seventy days following chimera

formation, genotype BE was recorded in all DD regions

sampled (cases 13. 15, 16), while genotype DDwas not

detected in the BE regions (cases 12, 14). In pair combi-

nation C (cases 8. 9) the two subclones varied, since one

contained both genotypes in the zooid soma 55 days fol-

lowing fusion, while the second was not detected in the

other partner's soma 70 days after chimera formation.

Although subclones of pair combinations A and B were

not assigned to their pretyped genotypes, it is clear that

six out of the seven subclones possessed soma of both

genotypes up to 125 days after chimera formation (Table

I, Fig. la-c). In six (75%) of the remaining eight chimeras,

the other partner's soma was detected, together with the

resident partner's soma, up to 60 days after fusion. Most

interestingly, in all four chimeras where colony resorption

was completed (cases 17, 19-21. Table I, Fig. Ic). the

resorbed genotype was clearly detected together with the

"winner's" genotype, even 35 days after resorption. In

summary, both genotypes were recorded in 16 (73%) of

the subclones and 10 (83%) of the chimeras (Table I).

In 13 of the cases (9 chimeras) studied, gonads (ex-

cluding mature oocytes) were sampled from the same

zooids where the soma was typed. In three cases (33% of

chimeras, nos. H, J. L. Table I, Fig. Ic) both genotypes

were present simultaneously in the gonads. These chi-

meras were sampled 20-30 days after a complete im-

munological resorption of one partner in the chimera was

recorded (75% of the studied resorptions). In all the nine

cases (five chimeras) where the partners were disconnected

experimentally or spontaneously, we did not record any

chimeric situation in the gonads up to 100 days after sep-

aration. However, in two of these cases (nos. 3. 12; Table

I, Fig. la,c), the gonads were typed as belonging to the

other genotype in the chimera while the corresponding

zooid's soma was only of the original genotype.

In an additional set of experiments, blood cells were

injected from pretyped Fu/HC-compatible allogeneic do-

nors into the blood system of three different recipient col-

onies (colonies C1-C3. Fig. Id). The recipient colonies

were sampled 20 days after injection and then 30-80 days

thereafter (50-100 days after injection). In one case (C3,
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Table I

Typing at /cun nil l \onui and gonads within B. schlosscri chimeras, 45-130 days following fusion

Typing chimeras, following disconnections or resorptions

Case

no.
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inition live at the expense of a host organism (Michalakis

el a/.. 1992). However, parasite/host relationships may
reflect a continuum flanked by two extremes. At the one,

the parasite may cause the host's death. At the other, the

parasite may evolve as "benign." This occurs when par-

asite and host have a relatively large "shared desiderata

list" (Dawkins, 1990). Unfortunately, the literature deals

primarily with parasitism by species of distant taxi', from

the hosts, and there is almost no theoretical treatment to

intraspecific parasitism on the cellular level. Therefore,

we define germ/somatic cell parasitism in the Botryllux

chimeric system as follows: 1. Incubation of any number
of alien male/female germ cells within gonads. This is

especially marked where one genotype's oocytes acquire

nutrients from follicle cells (Manni ct a/.. 1994) of another

genotype, or compete for space and nutrition (Sabbadin

and Zaniolo, 1979) with other developed germ cells. 2.

Penetration and establishment of alien somatic cells as

an integral part of the resident's soma (zooids), where

they can support the development of germ cells. However,

in the absence of cell lineage competition, chimeras should

show stable sexual expression, with the original germ cells

in the appropriate region of the chimera (Sabbadin and

Astorri. 1988; Shenk, 1991). When cell lineage competi-

tion occurs, four key features may be assigned to char-

acterize the processes involved within chimeric organisms:

1. Cell lineage competition is evolutionarily relevant to

taxa developing through the somatic embryogenesis or

epigenetic developmental types, where totipotent stem

cells are competent to produce germ cells at any point in

ontogeny or during most of the lifespan of the organism,

respectively (Buss, 1982, 1983; Tuomi and Vuorisalo,

1989). 2. These cell lineages should be capable of increas-

ing in frequency, eventually establishing an independent

existence (Buss, 1982). 3. Competing cell lineages in chi-

meric entities should gain a disproportionate share of ga-

metic output by, for example, restricting the differentia-

tion of the totipotent cells to gametic descendants, while

using the somatic constituents of the other partner for

maintenance and space provisions for gametes (Buss,

1982. 1983; Buss and Green, 1985; Grosberg. 1988; Sab-

badin and Astorri, 1988). 4. Either transitive or nontran-

sitive hierarchial responses for somatic/germ cell parasit-

ism should be established in chimeric combinations from

each studied group of compatible genotypes. This also

provides further insights into the genetic rules operating

for the cell lineage competition processes. Somatic em-

bryogenesis (Berrill and Liu, 1948; Buss. 1982. 1983;

Rinkevich and Weissman. 1987a, 1 992a: Grosberg. 1988).

proliferation of foreign cells in the blood (Fig. Id: Sab-

badin and Zaniolo. 1979). and foreign gametic output

(Sabbadin and Zaniolo. 1979; Sabbadin and Astorri. 1988;

Fig. la-c. Table I) have already been attributed to B.

schlosxcri chimeras. There is also evidence for a hierarchial

relationship for somatic positions in Botryllus chimeras

(cases 12-16, Table I, Fig. lb,c).

In the vast majority of the chimeras (83%) including

all chimeras where colony resorption was recorded, and

in 73% of all subclones studied, both genotypes were re-

corded in the soma (Table I, Fig. la-c). One may therefore

postulate for the opposite conclusion that these outcomes

are characteristic to synergistic relationships between the

genotypes within the chimeras in which, for example, each

partner in the chimera expresses proportionally its ca-

pacities for somatic growth or gametic-product differen-

tiation. In such a case, the chimeric growth/reproductive

output should be greater than that of each genotype alone.

Previous results, however, showed that neither growth
rates nor reproductive activities were improved in Bo-

tryllus chimeras as compared to single colonies or rejecting

partners (Rinkevich and Weissman. 1992a). It should also

be taken into consideration that the above results may be

the outcome of a chaotic situation within the chimeras

in which free circulating germ cell primordia are posi-

tioned haphazardly within the developing gonads. This

possibility may be critically evaluated by establishing pos-

sible hierarchial relationships for gametic positions in Bo-

tryllus chimeras. The surprising result that even after a

complete resorption of one partner in the chimera, the

resorbed genotype may continue to thrive, not only in

the form of germ cells but also as an integral part of the

"winner's" soma, may further suggest that the Fu/HC
(Weissman el a/.. 1990) and the resorption-histocompat-

ibility (Re/HC; Rinkevich, 1993) loci that are very effec-

tive in self-nonself discrimination of many already deter-

mined cell lineages do not distinguish (or do not activate

the effector arm against) the most important group of the

stem cells. In such a scenario, the freely circulating stem

cells may uninterruptedly differentiate into both gametes
and somatic tissues throughout the life span of the original

chimera and its corresponding subclones, which are cre-

ated by splitting the chimera into fragments. Different

subclones probably possess unlike proportions of the

mixed genotype's stem cells, which may result in the vari-

ations observed for the chimeric constituents of both soma

and gametes. Therefore, more attention should be paid

to possible interactions between different lines of stem

cells (such as the displacement of one at the expense of

another) rather than to the idea of somatic germ cell par-

asitism in the context of the evolution of somatic tissue

compatibility (Buss. 1982; Buss and Green, 1985; Rin-

kevich and Weissman. 1987a: Grosberg. 1988).

Within B. stiilosseri chimeras, transferred cells between

genotypes may persist for many blastogeneic generations

as circulating elements before maturing as sperm or eggs

(Sabbadin and Zaniolo, 1979; Sabbadin and Astorri,

1988). In B. sclilosscri, therefore, stem cells are probably

the level at which natural selection could act, rather than.
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as believed, at the colony level (Tuomi and Vuorisalo,

1989). By using molecular markers, such as microsatel-

lites, new discoveries can shed more light on the evolu-

tionary processes that shaped chimerism and the detailed

consequences of fusion between compatible allogeneic

organisms.
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